Wetting of rough surfaces involves time-dependent effects, such as surface deformations, non-uniform filling of surface pores within or outside the contact area, and surface chemistries, but the detailed impact of these phenomena on wetting is not entirely clear. Understanding these effects is crucial for designing coatings for a wide range of applications, such as membranebased oil-water separation and desalination, waterproof linings/windows for automobiles, aircrafts, and naval vessels, and antibiofouling. Herein, we report on time-dependent contact angles of water droplets on a rough polydimethylsiloxane (PDMS) surface that cannot be completely described by the conventional Cassie-Baxter or Wenzel models or the recently proposed Cassie-impregnated model. Shells of sand dollars (Dendraster excentricus) were used as lithography-free, robust templates to produce rough PDMS surfaces with hierarchical, periodic features ranging from 10 -7 -10 -4 m. Under saturated vapor conditions, we found that in the short-term (<1 min), the contact angle of a sessile water droplet on the templated PDMS, θ SDT = 140° ± 3°, was accurately described by the Cassie-Baxter model (predicted θ SDT = 137°); however, after 90 min, θ SDT fell to 110°. Fluorescent confocal microscopy confirmed that the initial reduction in θ SDT to 110° (the Wenzel limit) was primarily a Cassie-Baxter to Wenzel transition during which pores within the contact area filled gradually, and more rapidly for ethanol-water mixtures. After 90 min, the contact line of the water droplet became pinned, perhaps caused by viscoelastic deformation of the PDMS around the contact line, and a significant volume of water began to flow from the droplet to pores outside the contact region, causing θ SDT to decrease to 65° over 48 h on the rough surface. The system we present here to explore the concept of contact angle time dependence (dynamics) and modeling of natural surfaces provides insights into the design and development of long-and short-lived coatings.
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Introduction
Biomimicry translates design principles in nature to address technological and scientific challenges. For instance, a variety of textured coatings across the animal and plant kingdoms have evolved to prevent wetting, especially from water. Commonly observed examples in nature, including leaves of lotus, rose petals, and duck feathers, motivate the engineering of inexpensive non-wetting surfaces/coatings via biomimicry. While the simplest way to mimic the texture of a surface is to use it as a template for other materials, the structural and/or chemical fragility of naturally non-wetting surfaces prevents them from direct applications. As a result, micro-/nanofabrication techniques have been employed to develop bio-inspired topographical features.
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Here, we employed sand dollars (Dendraster excentricus) as robust templates for creating superhydrophobic polydimethylsiloxane (PDMS). Sand dollars are sea urchins (echinoderms) from the order Clypeasteroida. 6 As marine calcifiers, they crystallize striking endoskeletons (called 'tests') with interconnected porosity by precipitating aqueous Ca 2+ , Mg 2+ , and CO 3 2-species into magnesium-calcite (exact ionic concentrations vary with geographies and genomes). 6 When the organism is living, tests are covered with fuzzy bristles that have finer cilia, which participate in locomotion, prevent biofouling, and help catch and ferry food to the centrally located mouth. 6 In addition to the unique appearance of their flattened tests, some sand dollar larvae are known to asexually clone themselves under predatory threat. 7 The sand dollar tests used in this study were nonliving and had no bristles. Electron microscopy of sand dollar tests revealed hierarchical features in the range of 0.1-100 µm, which is typical for topographyenabled hydrophobicity (Figure 1) . 8, 9 The features appeared to be somewhat ordered, and thus potentially amenable to mathematical modeling. In addition to the hierarchical surface features, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 the mechanical robustness of sand dollars inspired us to employ them as templates for PDMS; it would be quite difficult to fabricate such textures via microfabrication techniques. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 PDMS films were inspired by the Nepenthes pitcher plant, 13 shark skins, 14 and bristles of echinoderms; 15 cell-infused sand dollars (Clypeaster subdepressus) were used as scaffolds for bone regeneration, 16, 17 and sea urchin bioskeletons have been exploited to create macroporous gold. 18 Techniques of microfabrication have also been employed to create bio-inspired surfaces, however, non-orthogonal hierarchical features in three dimensions are very difficult to achieve and scale up.
Stability of Contact Angles on Rough Surfaces
When a liquid droplet is placed on a rough surface, a layer of air could be trapped between the liquid and the solid depending on the intrinsic contact angle, causing pinning or drastic changes in the apparent (macroscopic) contact angle over time. 26 We found that when water droplets are applied to SDT-PDMS, these effects have substantial shortterm and long-term effects on the contact angle. (c) After 48 h, the contact line becomes pinned, and water flows from the droplet into the pores outside of the contact region, forming a Cassie-impregnated-like state and resulting in an even smaller contact angle.
Experimental Section
Formulation of sand-dollar-templated PDMS. The Dow Corning's Sylgard®184 silicone polymer and cross-linker were mixed for 10 min in a 10:1 ratio by mass and poured over 8 a water-rinsed and dried sand dollar test. After degassing the PDMS with a mechanical pump for 10 min, the sample was cured in a convection oven at 80 °C and ambient pressure for 1 h. After, the SDT-PDMS chips were peeled off of the sand dollar template, rinsed with water, and used for measurement.
Contact angle studies.
With the exception of the advancing and receding studies, all contact angle measurements were conducted in a hermetically sealed glass chamber saturated with water vapor. Liquid droplets of 1 µL were gently placed on the surface and the needle withdrawn prior to image capture. The advancing and receding measurements at a rate of 0.1-0.5 µL/min were taken on a DataPhysics OCA 15Pro system using an automatic elliptical fitting program.
Water-immersion fluorescent confocal microscopy. The SDT-PDMS was placed underneath the objective lens of an Olympus FluoView 1000MPE confocal microscope and roughly 1 mL of water was added in the gap. For observation purposes, the water was saturated with fluorescein isothiocyanate (FITC -green), and the SDT-PDMS was doped with Rhodamine B by soaking it in a saturated dye solution for 2 days. A number of images were taken at ~20 different focal planes from the bottom to the top of the features to confirm full pore filling.
Results and Discussion

The topography of sand-dollar-templated PDMS
PDMS (Dow Corning's Sylgard®184) was chosen as a model polymer because of its extensive applications across natural and applied sciences. After peeling the SDT-PDMS chips from sand dollar surfaces, analysis showed regular ring-like microscopic (10-100 µm) features 9 with convex edges decorated with smaller (0.1-10 µm) spherical hierarchical features ( Figure   3a , 3b). The ring-shaped structures were separated from each other and organized in a somewhat hexagonal lattice. We considered that such a surface may give rise to high contact angles of water due to its texture and the intrinsic hydrophobicity of PDMS. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 micrograph of a carbon-coated SDT-PDMS surface at a 15° angle and its simplistic representation as a cylinder, (b) top view of SDT-PDMS illustrating the hexagonal arrangement of surface features, and (c) a schematic of our simplified SDT-PDMS model illustrating the regularity of the patterned surface.
Advancing and receding contact angle measurements
Indeed, SDT-PDMS surfaces exhibited superhydrophobicity. Droplets of water had an advancing contact angle of θ A,SDT = 140° ± 5° with a hysteresis of ∆θ SDT (= θ A,SDT -θ R,SDT ) < 20°, where θ R,SDT denotes the receding contact angle. Meanwhile, on a planar PDMS surface, water droplets had an advancing contact angle of θ A,o = 113° ± 5° with a hysteresis of < 10°
( Figure 4) . Arguably, advancing and receding liquid fronts on planar PDMS surfaces pass through contiguous low-energy barriers (i.e., the advancing contact angle remains close to the equilibrium contact angle) because the low roughness of the surface can be considered to be negligible, whereas on the surface of SDT-PDMS, the liquid front is pinned discontinuously (and asymmetrically sometimes) in response to both microscale and nanoscale features (Movie S1).
To clarify the effect of topography on the wetting behavior, we studied evaporation of water on both planar PDMS and SDT-PDMS surfaces. We found that as water evaporated, the contact line of water on planar PDMS receded while the contact angle stayed constant, whereas on SDT-PDMS, the contact angle decreased while the contact line was pinned ( Figure S1 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 p, we set ߮ = ሺ1 − ‫‬ሻ × 0.66 and ߮ ୗ = ሺ1 − ‫‬ሻ × 0.34 + ‫‬ × 1.68. When ߠ ୭ is known, p can be determined as a function of ߠ ୗୈ .
The short-term (1 min) contact angle of water-ethanol mixtures is shown in Figure 5 along with fitted p values and predicted contact angles for p=0 (fully non-wetting) and for p=1 (fully wetting). As the surface tension of water-ethanol mixtures decreased with the increasing ethanol content (Table S1 ), we intuitively expected for the fraction of filled pores to increase.
We found p to be zero for ethanol volume fractions < 60%, but p increased at higher ethanol volume fractions. Given the knowledge of the time dependence of ߠ ୗୈ (described below), we infer that ethanol-water mixtures simply fill the pores faster than does pure water. It is worth noting that the viscosity of ethanol-water mixtures increases up to C v ~ 60% and decreases when C v exceeds 60%, 27 which indicates that interfacial energies, rather than viscosity, dominate pore filling kinetics in our ethanol-water studies. The short-term wetting scenario for low ethanol concentrations would be represented schematically by 
Effects of waiting time on the stability of contact angles
While investigating the time-dependence of contact angles, we noted that the apparent contact angle of water on SDT-PDMS reduced from ߠ ୗୈ~ 140° to ߠ ୗୈ~ 65° after 2 days, while no change was observed on planar PDMS (both were maintained under a saturated vapor environment) ( Figure 6 ); a similar decrease was observed with canola oil droplets ( Figure S5 and S6). Such a dramatic reduction in the apparent contact angle could be a practical limitation for textured surfaces that rely on metastable Cassie-states. We considered several possible 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 Using fluorescently labeled water and PDMS, pore filling over 70 min was directly observed with fluorescent confocal microscopy ( Figure 7) . Within 4 min of droplet deposition, ~10% of the pore volume was filled with water, and after 70 min, ~60% was filled, essentially a transition from the wetting state in Figure 2a to that in Figure 2b . Note that the unit cell volume includes both the volume within the ring structures (the pores) and that within the connected valleys between pores. First, we consider the weight of the liquid drop as a potential cause for the filling. This invokes the concept of capillary length, which is the characteristic length scale where surface tension dominates over weight, given by ߣ = ඥߛ ߩ݃ ⁄ , where ߛ is the surface tension (72 mN-m -1 ), ߩ is the density of water (1000 kg-m -3 ), and ݃ is the acceleration due to gravity (9.8 ms -2 ). For water, the capillary length is approximately 2.7 mm. Since the diameters of sessile droplets employed in these experiments were ≤ 2 mm, the prospect of a water drop filling air pockets due it its own weight is ruled out. However, capillary condensation, or vapor penetration, is a possibility, given the high degree of roughness of the SDT-PDMS surface;
however, due to the intrinsic hydrophobicity of the PDMS, it is unlikely that pores would fill up primarily with condensate. The alternative mechanism to capillary condensation is liquid penetration, or flow of bulk liquid from the droplet into the pore. Confocal microscopy showed that once penetration of a given cavity was initiated, full filling was attained in <1 min, releasing large air bubbles, indicative of rapid filling from the liquid above (though not due to gravity), rather than condensation slowly filling the cavity below the droplet. Moreover, when the SDT-PDMS was allowed to sit in saturated vapor for 48 hr prior to droplet deposition, no difference was observed in the wetting behavior. From pore filling observations and from our model (Section S1), we can deduce that the fully filled wetting state is energetically favorable. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, mechanisms in addition to the liquid penetration of pores beneath the droplet must be involved because this could only explain a decrease in ߠ ୗୈ down to 110°, the Wenzel limit (Section S1). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 angle of water on the planar PDMS (Figure 6) . Moreover, the contact angle of sessile water droplets on perfluorotridecyltrichlorosilane (FDTS)-coated SDT-PDMS surfaces decreased in a similar fashion to the uncoated SDT-PDMS ( Figure S6 and S7, and SI Experimental Section).
We also consider that the unresolved vertical component of the surface tension of water at the triple-phase contact line might bend/flex topographical features on the SDT-PDMS, which could appear as a smaller apparent contact angle. In fact, researchers have recently observed mechanical deformations of the contact line formed between a silicone gel (CY52-276A/B, Dow
Corning Toray) and glycerol that could explain our observations. 29 We observed this event on planar PDMS using optical profilometry ( Figure S8 ), but on SDT-PDMS, this was difficult due to the roughness of the surface. It is likely that when a droplet is placed on the planar PDMS, which is elastic, the deformation forms within a fraction of a second and remain constant as long as the droplet is on the surface. In the case of the SDT-PDMS, the gradual pore penetration and spreading (see below) that occur may give rise to deformations which change over time. Lastly, fluorescent confocal microscopy and contact angle studies ( Figure S9 ) showed that the contact line advanced during the first hour that the droplet was on the surface, and was pinned thereafter, perhaps caused by a deformation of the surface. Subsequently, water flowed from the droplet to areas outside of the contact region (Figure 2c and S10), resulting in a lower ߠ ୗୈ by a combination of pinning and a substantial loss of droplet volume. In the final state, when some surface cavities outside the droplet were filled with the liquid (i.e., the Cassie-impregnated-like state), the total volume of the liquid inside the cavities is not negligible compared to the droplet volume ( Figure 6 shows a 80% decrease in droplet volume over 50 h). In fact, this violates the fundamental assumption of conservation of volume of the liquid drop (and negligible volume of cavities in comparison) on which all the aforementioned theoretical models are based. 30 Thus, PDMS, but further discussion of the fluid dynamics is beyond the scope of this work. In summary, it appears that the primary mechanism by which the contact angle decreases occurs on two time scales (Figure 2 ): pore filling, which happens within ~90 min of droplet deposition, and pinning and volume drainage, which begins to occur thereafter and can presumably progress indefinitely.
Conclusions
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Sand-dollar-templated (SDT) PDMS is a simple, lithography-free surface. Shown is a droplet of water on the SDT-PDMS with an advancing contact angle, θ A,SDT = 140°, and a scanning electron micrograph of a characteristic feature on the SDT-PDMS surface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
